Copper and sulfur are the typical residual elements and impurities in steel. Previously, we reported the precipitation of very fine particles of Cu 2 S in copper and sulfur containing steel by strip casting process. In the present paper, the morphologies of copper sulfides in strip casting low carbon steels were distinguishably investigated by Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).
Introduction
Sulfides in steel have been paid much attention because theirs treatment is an important problem in the steelmaking process. They significantly affect the properties of the final products by their deformation in the steel working process; especially their morphology has a significant effect on the steel properties. Until now, a lot of studies have been focused on the morphology of the MnS and FeS and their relation with the solidification and subsequent cooling conditions. [1] [2] [3] [4] [5] [6] [7] [8] The morphology of MnS in steel ingots can be classified into three types as described by Sims 1) : (1) Type I is a globular MnS with a wide range of sizes, and is often duplex with oxides. (2) Type II has a dendritic structure and is often called grain-boundary sulfide because it is distributed as chain-like formation or thin precipitates in primary ingot grain boundaries. (3) Type III is angular sulfide and always forms as monophase inclusion. According to Sims 1) and Kiessling 2) 's analysis based on the steel ingots containing 0.01-0.15 mass% S, most of the above sulfides are formed in molten steel or on solidification process. Recently, with the development of steelmaking technology, the sulfur concentration in steel was lowered drastically. In addition, the continuously casting with rather higher cooling rate than the ingot casting almost replaced the ingot casting. So, the sulfides in the modern commercial steel are usually formed on solidification process or in solid steel during the subsequent cooling process. For example, the lately reported Widmanstätten plate-like MnS 2, 3) is formed in solid steel and semi-coherent with g-Fe. Figure 1 shows the common morphology of MnS in conventional continuously casting steel, including the globular duplex oxide-sulfide (particle A, B and C) and the Widmanstätten plate-like MnS (particle D).
Copper is a significant residual element in steel since it is very hard to be removed during steelmaking process. It has been becoming an important problem since the amount of recycling scrap has been gradually increasing recently. Although copper causes the hot shortness at high temperatures because of the predominant oxidation of iron matrix and subsequent densification of copper on the steel surface, it can be used as an alloying element to improve the corrosion resistance and enhance the mechanical properties in some steels. strength of steel due to precipitation strengthening. 12, 13) In addition, copper sulfides, unlike copper, does not wet or penetrate the grain boundaries and therefore may inhibit hot shortness. Compared with MnS and FeS, people have been paying little attention on the formation of copper sulfide in steels. Although some papers reported the existence of copper sulfides in steel or iron previously, [14] [15] [16] [17] [18] [19] few papers discussed the formation mechanism of copper sulfide in detail.
In the previous papers, 13, 20, 21) the authors found that copper sulfides could be formed in strip casting steel. Differently from the formerly reported copper sulfides in steel/iron, [14] [15] [16] [17] [18] [19] which usually coexisted with MnS, almost pure copper sulfides were found in the present strip casting steels. The effects of high cooling rate and the coexisting element in steel such as phosphorus on the precipitation of copper sulfide have been discussed in detail. In the present paper, the morphologies of copper sulfides in strip casting low carbon steels have been investigated and classified. Their precipitation mechanisms have been also discussed in detail. Table 1 shows the chemical composition of the steels produced by the twin drum caster at the Mitsubishi Heavy Industries Ltd., Hiroshima R&D Center. The contents of impurities are designed to be a little higher than those in the normal low carbon steel to simulate the steel scraps. Among these steels, Steel A has been cast in the thickness of 3.6 mm and contains high oxygen and phosphorus. Steel B and C were cast in the thickness of about 2.2 mm and they have the normal composition with low oxygen and phosphorus for Steel B and low oxygen and high phosphorus for Steel C. The casting speed for all steels was about 0.33 m/s and the casting temperature was 1 844Ϯ22 K. All the strips were radiantly cooled on the transportation roller tables after casting. Steel A was coiled at about 1 073 K and the cooling rate at the coil center of Steel A after coiling was about 0.5 K/s.
Experimental Procedures

Materials and Casting Conditions
Analysis Methods
The precipitates in the strips were observed by Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Auger Electron Spectroscopy (AES). Specimens for SEM observation were etched by 3 vol% nitric acid (Nital) or 10% acetylacetone-1% tetramethylammonium chloride-methyl alcohol (hereinafter abbreviated to 10 % AA electrolyte). In the latter case, the sample was mirror polished and etched in the 10 % AA electrolyte at a controlled potential. 22) The SEM observation was performed on a LEO 1550 microscope with highresolution. The thin sliced specimens for TEM observation were firstly cut from the bulk with a thickness of 0.2 mm and mechanically ground to 80 mm. Samples of f 3 mm foil samples were prepared by electro-polishing at 50 V in an electrochemical solution containing 5 vol% perchloric acid and 95 vol% methanol. Carbon extraction replicas were also prepared through the standard procedures. The replicas were floated on molybdenum grids and a beryllium specimen holder was used to avoid the possible detection of copper from the grid and the specimen holder. Although it could be avoided to detect the Cu peak from the grids, unfortunately there is some overlap between the S Ka peak and the Mo La peak. The value of the ratio between any element (Mn, Cu, Fe) and S based on the present EDS analysis data is a little lower than the actual value in the particle since the S peak reflects the Mo content to some extent. The TEM observation was performed with a JEM-2000FXII microscope operated at 200 kV and coupled to an Energy Dispersive X-Ray Spectroscopy (EDS). Samples for AES analysis were mirror polished without etching. The analysis was performed with a PHI-680 AES.
Experimental Results and Discussion
A lot of sulfides with different morphologies were observed in the present steels. Here, we will make a detail discussion mainly about the duplex oxide-sulfide inclusion (OS), plate-like copper sulfide (PS), shell-like copper sulfide (SS) and nano-scale copper sulfide (NS). with oxide inclusions as shown in Figs. 2(a) and 2(b), has been observed only in steel A with high oxygen concentration. The first type of the OS ( Fig. 2(a) ) shows the spherical morphology with some sulfides embedded in the oxide. It indicates that the sulfides were formed in the liquid stage of oxide. The second type of the OS ( Fig. 2(b) ) is the oxide partially covered with the sulfide. For both cases, the main component of oxide is manganese silicate as shown by the EDS elemental line-scan profiles in Fig. 3 , and that of the sulfide is a mixture of (Mn, Fe, Cu)S. The sizes of such sulfides were in the range from 200 to 1 000 nm. Generally, the OS was randomly distributed in the matrix. For a slow cooling process such as ingot casting or conventional continuous casting, sulfides were usually found to coat on oxide completely as shown in Fig. 1 (particle A, B, C). However, for a high cooling process such as welding, it was observed that sulfides partly coated the oxide or were embedded on the oxides. [23] [24] [25] In the present case, sulfides seem closer to that in the high cooling rate case such as welding.
Formation Mechanism of Duplex Oxide-Sulfide Inclusion (OS) and the Effect of Oxygen on Sulfide Precipitation
The present Steel A is weakly deoxidized and contains high oxygen content. In Steel A, the oxides are mainly manganese silicate with low melting point usually. 26) On the other hand, sulfide has high solubility in such kind of silicate. 27, 28) In the present case, it seems that sulfide or sulfur firstly dissolved into liquid oxide in molten steel, and sulfide/sulfur will become rich in liquid oxide due to sulfur microsegregation during the steel solidification process. After the solidification, the oxide still remains as liquid phase. As temperature decreasing, the solubility of sulfur in liquid oxide decreases. At intermediate temperatures, immiscible phase of liquid oxide and sulfide coexists, as shown in Fig. 2(a) . After that, liquid sulfide and oxide solidify in succession. Sulfide also gradually grows up by the diffusion of sulfur and manganese/copper in the matrix to form the embedded or partly coating shape as shown in Figs. 2(b) and 2(c). This process is schematically shown as Fig. 4 , which is similar to the description by Wakoh, 29, 30) but the oxide could be considered in liquid state when the sulfide nucleated in the oxide in the present paper. For the rapid cooling rate process like strip casting, the formation process was stopped at the stages as shown in Figs. 4(c) and 4(d), while in the slower cooling rate process such as conventional continuous casting, the OS usually grows up to stage (e).
If sulfide nucleated from matrix independently, sulfide should not be observed embedded in the oxide as shown in Fig. 2(a) . But in some steel with strong deoxidation, sulfide may also be found precipitating on (not embedded in) the oxides with high melting point and low sulfur/sulfide solubility such as alumina. In that case sulfide was firstly precipitated from the matrix and the oxide only acts as the nucleation site for sulfide precipitation, which is a different process compared with the present OS. Weak deoxidation results in the oxides with low melting point and high sulfur solubility, and then the OS particles in the present steels.
Formation Mechanism of Plate-like Copper Sulfide (PS) and the Effect of Phosphorus on It
The PS, as shown in Fig. 5 , was mainly observed in Steel B and consists of copper and sulfur with small amounts of iron and manganese. Steel B contains low phosphorus, while Steel A and C, which contain high phosphorus, showed very few plate-like sulfides. About 8 % of the sulfides (in number) have a plate-like morphology in Steel B. The sizes of the PS are from 50 to 100 nm in the short axis and from 300 to 1 400 nm in the long axis. The selective area diffraction pattern (Fig. 5(c)) shows the PS has a facecentered cubic (f.c.c) structure.
Several detailed investigations have been reported on plate-like MnS in steel up to now. Matsubara 3) reported that plate-like MnS precipitated on plane {100} of the g-Fe grain and was semi-coherent with g-Fe. Recently, Furuhara 31) confirmed this semi-coherent relationship between MnS and g-Fe phase in austenite stainless steel by High Resolution TEM observation. Kimura 32) and Yamamoto 33) observed the precipitation and growth of plate-like MnS in g-Fe over a certain temperature range by the Confocal Scanning Laser Microscope. The crystal structure and lattice parameters 34) of MnS, Cu 2Ϫx S and g-Fe are listed in Table 2 . Since the parameter ratios of MnS and Cu 2Ϫx S to g-Fe are a little different, we could speculate that the plate-like Cu 2Ϫx S may precipitate in g-Fe and a rough semi-coherent relationship may exist between the plate-like Cu 2Ϫx S and g-Fe phase.
Matsubara 3) pointed out that there is a critical cooling rate for plate-like MnS formation in steel. Therefore, it was natural that no plate-like MnS was observed in the present steels. High cooling rate in the present case suppressed the plate-like MnS precipitation.
It is interesting that the plate-like Cu 2Ϫx S was found mainly in low phosphorous steel (Steel B) and seldom in high phosphorous steel (Steel A and C). The equilibrium transition temperatures Ae 4 and Ae 3 are also listed in Table  1 . These temperatures are calculated based on the following equations 
+44.7[%Si]Ϫ30[%Mn] +700[%P]Ϫ20[%Cu], K
As discussed in detail in the previous paper, 21, 35) phosphorus significantly increases the Ae 3 temperature and therefore may promote Cu 2Ϫx S precipitation in a-Fe instead of in g-Fe. It is the probable reason why few plate-like Cu 2Ϫx S were found in high phosphorus steel.
Such morphology difference in high and low phosphorus steels is considered to have some effects on the elongation property of these steels since plate-like sulfide is more deleterious to the elongation of steel compared with spherical sulfide. For example, Hirata 36) reported that the as-cast strip steel with high phosphorus had higher elongation and better balance of strength and ductility than low phosphorus steel.
Formation Mechanism of Shell-like Copper Sulfide (SS) in Steel
The SS, namely copper sulfide shell/ring around another inclusion core (the core is pre-formed manganese or copper sulfide, or manganese silicate) as shown in Figs. 6 and 7, are another feature of sulfides in Steel A. Compared with OS, SS usually has very thin ring or shell character and never embedded in the core inclusion as shown in Fig. 2(a) . Table 2 . Disregistry between particles and g-Fe/a-Fe matrix. 
Figures 7(b)-7(d)
show the EDS spectra of the core, the shell-like edge and the whole of the particle, respectively. The shell-like edge has almost the same spectrum with the core except for the Fe element. The shell-like edge seems to contain higher iron concentration compared with the core. The selective area diffraction patterns (Figs. 7(e) and 7(f)) show that the whole sulfide also has f.c.c. structure, as the same as plate-like copper sulfide. Sometimes the SS with sulfide core may also coexist with oxide as shown in Fig.  2(c) . In that case the total particle is an OS while the sulfide is a SS on a sulfide core. Figure 8 is an EDS elemental mapping analysis of such kind of particle, a shell-like copper sulfide on a pre-formed copper sulfide which coexisted with an oxide like Fig. 2(c) . There seems no obvious composition difference between the shell and the core of the sulfide, although the copper content at the shell seems denser than that in the core. No such similar morphology, that is MnS shell on MnS core, has been observed for manganese sulfide in present steels.
The similar copper sulfide coatings or envelopes have also been reported by other researchers, but they did not distinguish it from OS clearly. Kayali 37) observed regions rich in copper and sulfur around Al-Ti-Mn oxide type inclusions and the copper sulfide envelope did not always completely cover the central core. It has also been suggested 23) that the inclusion "shells" are a feature of weld metal inclusions when the copper content exceeds approximately 0.05 %, and that the oxide or silicate inclusion cores act as favorable sites for sulfide precipitation. Hara 38) reported that MnS was overall covered with Cu 1.6 S precipitates in a welded joint of Cu-Ti added steel. The grooving corrosion resistance of the welded portion was improved by preventing MnS itself from dissolving for the environment due to the formation of shell-like Cu 1.6 S.
In contrast with the f.c.c. Digenite (Cu 2Ϫx S) shell-like copper sulfide, Madariga 39, 40) reported that h.c.p. covellite (CuS) shell-like copper sulfide with manganese sulfide core was observed when a microalloyed steel was quenched into a salt bath at 723 K after austenitization treatment carried out at 1 523 K for 40 min. The crystallographic structure or the coexisting state of thin shell copper sulfide seems to have no relationship with the core oxide. That means whether the sulfide coexisting with oxide or not, both f.c.c and h.c.p shell-like copper sulfide may be formed in steel. The thin shell-like morphology suggests that the core part and the shell part were formed at the different stages as schematically shown in Fig. 9 .
At any rate, under such high cooling rate as strip casting or welding, some sulfide precipitation may be considerably suppressed and it may be released at low temperature range in the g-Fe region or in the a-Fe phase, where nucleation becomes easy and diffusion becomes slow compared with sulfide precipitation at high temperature. Very few of such kind of SS was observed again in Steel A after homogenization annealing and then furnace cooling, which seems to be the evidence that the shell-like shape is correlated with the high cooling rate and the low diffusion rate of copper in steel at relatively low temperature.
Formation Mechanism of Nano-scale Copper Sulfide (NS) in Steel
The NS was mainly found in Steel A and C, both of which contain high phosphorus concentration, as shown in ganese. The spherical sulfides observed in Steel B, which contains low phosphorus concentration, and their EDS spectra are shown in Fig. 11 . As shown by these EDS spectra, the concentration of Cu in the sulfide particle increases with decreasing in the size of the sulfide. Figure 12 shows the distribution of the size of the spherical sulfides in Steel B and Steel C, which represents that fine copper sulfides precipitate more easily in high phosphorus steel. Figure 13 shows the solubility curve of MnS and Cu 2 S in the different iron phases. [41] [42] [43] By comparing the curve of MnS and that of Cu 2 S in g-Fe, we found that Cu 2 S has steeper slope than MnS. The solubility product of Cu 2 S becomes far lower than that of MnS with temperature decreasing in g-Fe region. That means the supersaturation degree for Cu 2 S precipitation may be far higher than that of MnS at the low temperature range of g-Fe region. High supersaturation may cause higher nucleation rate for Cu 2Ϫx S compared with MnS and resulting in small size of particles. In addition, high cooling rate has some suppression effect on particle precipitation. For example, MnS precipitation in solid steel was usually suppressed at high cooling rate.
3)
Therefore, in Steel A and C, very fine particles of Cu 2Ϫx S were mainly observed, while MnS was hardly. Although the solubility of Cu 2 S can be obtained only in g-Fe up to now, we could assume that the solubility of Cu 2 S in a-Fe is not higher than that in g-Fe. Then, the solubility of Cu 2 S is also far lower than that of MnS in g-Fe. In addition, as discussed in our previous paper, 20) Cu 2 S may have coherent relationship with the a-Fe matrix. From these points of view, the precipitation of fine Cu 2 S may be much more advantageous in a-Fe region. This is also the reason why phosphorus could promote fine copper sulfide precipitation since phosphorus may greatly increase the Ae 3 temperature. Carbon in steel could greatly enlarge the region of austenite. So the lower the carbon concentration in steel, the more fine Cu 2 S could precipitate in steel. On the other hand, carbon and phosphorus have different diffusion coefficients and partition/redistributation coefficients during phase transformations. The segregation of phosphorous during the transformation is more remarkable than that of carbon. In addition, phosphorus, sulfur and copper become richer in d-Fe, while carbon and manganese become richer in g-Fe during the d/g transformation. So the effects of phosphorus on sulfide formation may be enhanced by the segregation during the transformation, while that of carbon may not be so much.
Sequential Formation Diagram for Each Component of Precipitates
In the combination of the result obtained from the present study and in the literature, [1] [2] [3] [4] [5] [6] [7] [8] [14] [15] [16] [17] [18] [19] [31] [32] [33] 39, 40) we can summarize the formation sequence of oxide and sulfide (including manganese and copper containing system) during cooling processes in view point of cooling rate and steel chemistry as shown in Fig. 14 and Table 3 .
We can see that manganese sulfides form mainly at higher temperature range than g-Fe phase (including) and mainly at the slow cooling rate of conventional process. On the other hand, the copper sulfide, including manganese and iron containing ones, form mainly at the lower temperature range below the lower region of g-phase (including) and mainly at the rapid cooling rate over several tens K/s. In addition, phosphorus enables copper sulfide to form in a-Fe region more, therefore, promotes the formation of nanoscale copper sulfides; while high oxygen promotes duplex oxide-sulfide formation in steel.
Conclusions
The morphology and precipitation mechanism of copper sulfides in strip casting low carbon steels have been investigated. The findings are summarized as followings:
(1) When the steel contains high oxygen content, manganese silicate of low melting point firstly forms and sulfur may dissolve in the molten silicate. With temperature decreasing, sulfide may precipitate from the silicate due to the solubility decrease and it turns duplex oxide-sulfide inclusions (OS). After oxide solidification, the sulfide grows up © 2006 ISIJ covering the oxide in the different shapes according to the cooling rate.
(2) Plate-like copper sulfide (PS) precipitates in austenite temperature range presumably due to the possible semicoherency between Cu 2 S and g-Fe. Phosphorus suppresses the PS precipitation because it raises Ae 3 and reduces the gFe region.
(3) The shell-like copper sulfide (SS) with almost the same composition of core and copper rich shell forms at low temperature range. The low diffusion coefficient of copper seems to have some contribution to the shell-like morphology.
(4) Fine Cu 2 S of nano size (NS) forms due to the high supersaturation at the low temperature range of g-Fe and especially in a-Fe by steep Cu 2 S solubility decrease with temperature decreasing and the coherency with a-Fe, while precipitation of MnS could be wholly suppressed by rapid cooling.
(5) All the copper sulfides have f.c.c structure in the present steels regardless of their different morphology.
(6) We found that possibility of controlling the formation and morphology of sulfide (Cu 2 S and MnS) in steel by classifying the sulfide precipitation according to the cooling rate and composition in the present study. Table 3 . Brief summary of the precipitation behavior of MnS and Cu 2 S in steel.
